| UNCLASSIFIED
o 255 963
Reproduced :
by the
AT'MED SERVICES TECHNICAL INFORMATION AGENCY

ARLINGION HALL STATION
ARLINGTON 12, VIRGINIA

—rew.

M

-

"UNCLASSIFIED




ROTICE: When govermment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation vhatsoever; and tie faczt that the Govern-
ment may havce formulated, furaished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permigsion to manufacture, use or sell any
patented invention that mey in any way be related
thereto.




- . . NAVWEPS REPORL €09
out 1: ] D N e . o ;"1 NUT3 TP 2606

I TR S o SV SN “ gove-ba Ly aulud 3 ”P! £y
regulatious, ’ e ¢ 25

O HIGH TEMPERATURE HEAT CAPACITY EQUATIONS

) AND THERMODYNAMIC PROPERTIES
Wy OF COMBUSTION GASES
e | .

Mary M. Williams
, Research Bepartment

e e e i e e

ABSTRACT. This reporu contalns the standard state heat of
forxation, refercnce enthalpy, reference entropy, and heat
capacity equations for 200 chemical compounds. These com-
pounds are those experimentally shown to exist and those
theorized as existing in high temperature combustion pro-
cesses., Thermodynamic data are given for compounds con-
sisting of the following chemical elements: hydrogen,
oxygen, nitrogen, carbon, lithium, sodium potassium,
rubidium, cesium, magnesium, aluminum, fluorine, chlorirne,
bromine, beryllium, boron, silicon, and calcium.
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The temperature range covered in most cases is SCOOK
to G000°K, for which two heat capacit equations were
derived of the form Cp = a + bT + c¢T"c. One equation is
given for the low temperature range, and ancther for the

\féé nigh temperature range. In the case of different physical
. ?{ states occurring in this range (solid - liquid - gas), one
-‘;; equation is normally given for each non-gas and two for
T each gas.
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INTRODUCTION

In the solution of high temperature combustion prcblems, s'ich as the
determination of flame temperature, the consideration of a large number
of chemical elements and thus & large number of combustion products,
results in the accumulation of large stacks of thexmodynamic tables.
Besides the large computer storage required, the seemingly endless in-
terpolation of these data for an unlisted teuperature or thermodypamic
data point instigated a program for the condensation of these data into
a more accessible and useful form. A heat capacity equatiion of the form

cp=a+bT+eT‘2

was chosen, and a least square fit made of the changes in enthalpy as a
function of temperature. For long temperature ranges, two heat capacity
equations were derived. The fit error is most ceses is quite small, and
is sometimes better than the probable error in the original table. The
f£it is made in such a manner that errors, either typographical or proof-
reading, in the original 4ata are detected and correctlions or omissions
may be made, i.e., we have checked the original data tcource fcr conti-
nuity. Thermodynamic data of this type should be & smooth continuous
function except when phase changes occur. Another advantage of the use
of an equation over tabulated data is that the number of entries to be
proofread are minimized.

The majority of data presented in this report were completed by
January 1G60. The references used were restricted to those of an un-
classified nature.

METHGD

Let us assume data are availatle showing enthalpy at various temper-
ature intervals from Ty to Tp, for which a heat capacity equation is to
be derived (Cp = (AH/DT) ). The enthalpy at (T} + To)/2 = T, is a3sumed
to be a precise value, a.nd the change in entnalpy with reupect to tem-
verature from T, to all other tabuiated data points in the range covered
is computed. A least square fit is then made for cp in the form of
C_=a+bT+cT2

P

Instead of using the standard reference temperature of 298.15, a

standard reference temperature (T°) cf 3000°K was chosen. (This should
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not be confused with Ty, although they may occaeionally coiacide). Each
heat capacity equation derived was then used to compute an enthalpy (4),
and an entropy (B), at 3000°K. The values A and B may be looked upon
as integration constants from a standard reference temperature of
300K,  Inis curve is assumed to be a continuous function and to pass
through T° at A. The value of A, and consequently B, may have no real
significance; i.e., certein phases of & species may not exisi al that
temperature, or A and B may be grossly in error when compered to known
enthalpy and entropy values at this temperature. 4 and B should be con-
sidered as working tocls which enable one to cbtain accurate values of
enthalpy and entropy in the interval Ty to Tp. It was for this reason
that symbols other than H and S were chcsen for these references. (For
dsta tables where enthalpy is given at 3000°K, if this value is used
instead of the A value, the average error incurred is increased by the

amount A}{QE 98 - A). The enthalpy at temperature T, may be compiited as

T Tx
X ~ f
AH298-15 = A +J cpdT
3C00

and the entropy at T, as

T)’

s 1
T, =B+ /‘ (CPdT)/T

3000

By adding the heat of forpation mf298 15 to the first equation, one may
obtain the total enthalp; :

T
Ty x
H* = Hypgg 15 * & +‘/P C, 4T
3000

In the case of non-gas constituents the maximum temperature for the
heat capacity equation is the melting point, or normal boiling point.
The temperature range of a gaseous species is limt*ted only by the data
availabie. The reference enthalpy value, or integration constant A, may
be sumewhat more ambiguous when phase changes occur for a given species.

1The heat of formation was purposely mainiained as a separate item since

the uncertainty in this number is greater than that for other thermo-
dynamic data, and other corrections will not be necessary if changes are
made in AHf298 15°

2
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! For example, aluminum with a melting point of 500°K and a boiling point
of 2700°%K may follow the path

Te

y as) + A7 + o, = AL(1) at T,
TV

NQA) + " + o, = ML(g) at T,

or we could assume aluminum gas at room temperature with a heat of
formation:

and then heat “he gas from room temperature to some temperature Ty,. In
one case the transition enthalpies have been used as corrections to the
heat of formation, and in the other case they have been ased as correc-
tions to the changes in-enthalpy. The same heat of formation for the
solid and liquid fora of a compound is used and ihe transition enthalpy
occurs 3t the melting point. This enables one to compute split phases
at the melting point. With four exceptions the normal heat of formation
of the gaseous ©z:= i5 used. Tnese exceptions are Al, Li, No, and Mg
gaseous atoms whnse heat of formation are taken as zero.

Table 1 contains the constants A, B, a, b, ¢, the upper temperature
limit (T,) and the lower temperature limit (Ty) of the temperature in-
tesval over which the heat capacity equation was derived.

LTIy ey e e

: . The accuracy of the fitted equation to the glven tabular data is

. shown in Table 2, as a function of the given enthalpy (Hs), the given
entropy (Sg), and the computed enthalpy (H;), and the computed entropy
(Sc). Tne error in enthalpy (En) and the exror in entropy (Eg) are thus
computed as )

(i - nc)loo
E, = _.5._}1_:.._..

(s, - s )ivo
E =8¢
- ] Sc

The maximum values of E, and Eg, and the temperature at vhich each
maximum occurred, are given for each heat capacity equation of Takie 2.
The fit error in mest cases is guite small, and is frequently bett-r
than the probable error in the original data.

"
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TABLE 2. Maximum Fit krror, Expressed as a
Percentage of the Original Tabulated Value

C, O, O, (o
Species K EH TK ES TK Eﬂ ™K Es
AL 4200 4000 4300 4014 5400 4006 4900 #4009
AL,0 0500 4960 0500 .+060 4300 o014 5100 4008
Al505 1200 4053 0700 119 2400 4001 2800 4057
Alﬁo2 500 210 0700 4035 5400 +004 3200 4013
an 2400 4002 1400 4017 4700 4002 5800 #002
AlCl5 2200 #002 0500 002 4900 4008 4900 6007
A1C13 1200 4005 050G +003 4600 +00)1 4900 #4006
AlCL3 0800 4000 060C +001
ALF 0500 110 0500 :005 5300 002 4800 4002
ALF5 0806 046 0800 4020 1100 +020 1400 016
ALF 1900 4002 0800 40C1 4700 010 5200 008
m{ 0500 #4073 0500 4013 4400 4001 5400 #005
ALFoCL 0500 062 0500 4013 5900 <004 5900 +005
- ALFClp ‘0500 034 200C +090 5600 +004 5800 #007
A0 0500 42290 0300 #4013 5300 +001 5500 002
ALOH 0500 600 0500 4099 5200 +002 4100 4049
AL OpH 0500 7320 05060 4013 5900 ¢004 4400 4009
ALOF 0500 4100 0600 4021 5200 #4002 4200 4014
ALOCL . 0500 4053 1500 017 6000 <4002 4200 014 -
AlH 0500 4056 0700 +G08 4100 o017 5300 o,009
Al 1000 4030 3700 4000 2000 #0332
B 2200 4073 0600 4023 4900 o033 4200 4010 )
Bo 0700 4026 06350 018 5900 4011 5400 #4012
Bp0p 0500 1e42 0500 o147 4600 4009 4400 4005
- y B0z 100G 0000 1100 012 2500 4000 2200 LC10
~ By03 0500 1473 0500 4173 4600 «004 5600 L0054
: BBr 05uC 4022 0600 4002 5000 4001 5600 ¢003
BC1 2500 4033 0500 o014 4400 4017 3300 4011
BC13 D500 327 0500 019 50C0 007 5400 4005
Be 220C 085 1900 +021 5090 o041 4100 +022
BeCGl 0500 140 0500 +009 5500 4001 6000 4002
BeClp 050C 000 0900 #0132
BeClp 1506 #052 C700 #4016 4100 009 3500 <007
BeF 0500 500 0200 034 5400 #4001 4100 003
BeFp G500 000 0500 +040
BeF» 0700 350 0500 4053 3700 189 3600 4035
BeFCL 0500 4220 0500 051 4400 #002 3100 4020
Be0 050G 780 0500 4052 4000 #4002 6000 4002
Be0 2200 4071 0500 240 2200 +000 4100 L013
BeH 2000 4098 050C 110 3800 <016 6000 015 .

Be 1200  +120 1500 #0790 2700 005 1700 036
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TABLE 2.

(Conta.)

Species

BN
BF

BF
BO5
BH
B
Brp
Cc

c

Co

Colo
CoFp
Colip
Coll,

Cc

of
Clp
ClF
C10
CN
CcF
CFp
CF3
CF),
co
CCz
CH
CHoFz
CHa
CH20
CH-F

CHF"
i 2
Li
Liy

2
Lis0
LisFy
LiaClp
LiC1i
LiClL
LiF

T4D
addb
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TABLE 2. {Contd.)

O O, O, O,
Species T°K RH TK Es K EH K ES
Li0 0700 +14 0700 429 5300 4081 3300 18
LioH 0900 +000 1900 002
LiH 0800 4074 0500 220 4000 13 5000 73
Mg 3700 4022 2100 4036 5100 4013 4700 4013
MgAl~0y 090C +003 0500 003
MgCl 2100 4012 0700 005 4300 4002 5400 4001
MgClp 0800 4002 0500 003 1000 000 1300 4001
MgClo 1600 022 1500 +006 4400 4015 6000 4006
MgF 0500 oC74 0500 +004 4700 002 4200 4002
MgFs 0800 4046 1500 +G13 1600 <000 1600 4016
MgFa 2500 4022 0500 4022 4600 4013 5400 o007
MgFCl 2100 4009 1700 +013 3300 003 4100 015
Mgl 0500 110 0500 2004 4900 003 5700 002
Mgo 1800 4029 2100 4022 2800 021 3800 6020
MgH 1300 #4120 0500 +402%2 4700 4021 4300 4097
Mg 0800 +006 0860 +025 1700 +051 1400 o042
N 3800 4045 2100 4004 6000 003, 4300 0G1
Na 3600 4029 1700 018 5400 oC20 5300 013
Nas0 0900 4027 G600 4038
NaCL 0800 4000 1100 018
HaCl 1900 +043 2500 2012 4400 4017 5700 010
NaP 0700 110 1200 4026
NaF 110¢ 4070 2500 #4012 5200 o016 6000 40G7
NaOH 1100 019 900 C19
NaOH 3000 4110 0500 4150 4300 4017 6000 4007
NaH 080G 160 0600 o027 4400 +020 4390 007
Na 0700 4000 0700 +074
Nz 0500 1.8 D500 120 5100 017 4700 014
N0 06GE 440 0500 330 5000 014 3000 002
NO» 0500 +068 05060 «C27 1200 4180 1200 4056
NH 3000 #4140 0500 140 4300 4002 4900 o001
N3 130C o140 1500 «200 3000 o079 1900 073
F 0500 160 0500 «010 4400 4002 5000 #4002
Fy 0500 180 0700 009 4400 #4002 5700 4002
FaCO 0500 850 0500 075 4000 001 2700 4007
FCN 0500 870 0500 +075 3760 G601 3400 +0005
0 000 «017 0500 006 5400 033 3700 #0902
02 0600 +180 0500 D17 5900 009 3000 002
ONF 0500 #4620 0500  «04% 4500 4001 430 + 0006
OH 3000 4140 0500 11 5700 220 3000 005
H 2400 D00 1000 +002 4300 4003 5100 4200
Hy 3000 4130 0500 4100 3100 «380 3000 020
B30 3000 +240 0500 +270 5000 4160 5000 020
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TARLE 2. {Con%d.)

O ) 0

Species 1%k Ey °k Eg 7%k Ey Kk Eg
**302 0500 +206 0500 170 4000 «01C 4700 008

0500 Zel 0500 o130 4800 000 4200 001
35303 3000 170 0500 344 4700 007 4200 007
oL 0500 2610 0500 o140 2700 4002 5100 001
HCN 1506 +100 0500 4032 2300 +028 3000 13
BCO 0500 247 0500 +190 2400 4002 3000 010
HF 3000 140 0500 +086 2000 017 3000 002

RESULTS

The constants are given for the computaticn of thermodynamic proper-
ties for combustion gases at high temperatures by use of the following
equations.

G =a+bl+cl™> cal/%% ()
T,
Tx .
= C 4
208.15 A +‘J[3000bp T (2) .
7 3000-T_|
MY o = A+ a(T.-3000) + 2T 2-3000%) + ¢|eme—=|cal/mole  (3)
3298.15 X 2V 'x ij
g +A f b c_ar
= +
£298.15 3000 P
T
Ty "X 4P
S =38 +f Cp T

T
B+a 1n(30’(;0) + b(T,-3000) - -I—-i- - ]cal/mol - %

The standard heats of formation of the combustion species are g’.ven
in Table 3. Last minute revisions were made to incorporate those values
recommended by the JANAF Thermochemical Panel (Ref. 14).

—n s s et . oty

2 i et %




NAVWEPS REFORT 7609

TABLE 5. Standard Heat of Formation of Combustion Species
(Phase 1 = gas, Phase 2, 3 = solid, liquid)

Species Phase Ref Mfag&l‘i Species Phase Ref AHf';.>98.].5
Keal/mol Keal/mol

1h +78.000% Al 2,3 14
i -235.0 14 -11.3
1y -78.0 14 -55.0
1 -139.022 1k .168.583
14 -61.30G ik -181.8
1k -285.448 W -356.3
ik -157.0 1k -3.447
14 +61.700 1k -76.000
i -109.000 14 +17.387
ik +104.5 ik -536.000
1 -312.110 14 -400.%00
1k -39.400 1k <121.000
1% -105.280 1k -48.600
i -157.000 b
1 +132.618 i i -76.810
1 +42.5 1h -84 .811
14 -212.393 i -15h.730
14 <19.620 1h -b5.459
ik -97.100 1k -133.843
ik -142.923 14 -270.000
1 +11k4.76) 1% -238.600
1 ~140.780 14 +3. 744
8 -300.0 14 -60.3
i 451,748 1% ~110.757
1 +199.300 b -305.34k
1 -208,268 1%
1k -12,200 8 +138.
1 +7T7.922 14 -<12hk.000

e I ol I I

= N N
. W
W W

i
1
1l
1l
1
1
1
1l
1l
1
1
1
1
1
1l
1
1
1l
1
1
1
1
1l
1
1
1
2
1l

|
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TABLE 5. (Contd.)

Species Phase Ref AHf298.15 Species Phase Ref éﬁf298.15
Keal/mol Keal/mol

RaM

BeCl2
BeF,.

&

Beoaﬂa

BeO
BeaC
22

Be 3N2

c

1 +36.989  BeF 14 +4.,616
14 -80.380  BeH 14 +77.570
1 -182.800 BeoO i -143.,100
14 -156.700 i -216.800
14 +30.440 14 -185.000
14 -22.2 1% -259.800
W -102.400 1k
1 -132.000 14 -94.040
1 -170.83%0 ik +189.670
14 -26.106 1 +66.0C0
+197.028 14 -17.889

1 +142.100 14 -12.496
14 +32.000 14 -27.400
1b +54.190 14 -52.40C
14 -3.520 14 +31.200
14 -150.200 1h +73.840
1 -1056.500 i +76.121
1k +9k,000 120,500
1k -25.000 .1k -162.600
14 -23.000 % -59.000
14 -218.000 i #2146
1% -105.500 1k -25.500
1% -51.300 14

+52,102 1 49,330

-57.798 14

+59.559 L

$113.054 1)
+21.652 14
+79.200

N
)
W

272

373

S N N S R = I I

O )

1
1l
1l
1l
1l
2
1l
2
1
1l
1l
1
1l
1l
1l
1
1l
1l
1
1l
1l
1

T o e i
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TABLE 3. (Contd.)

Rez M£298.15 Species
Keal/mol

]

Species

cL 14 +28.951 c1,
14 +24.349 C1F
ih -22,060 HF
RS +18.860 F,
14 -15.650
14 +38.510* Li
14 -14.200 Lia
14 +14.000 o
14 -34.100
14 +32.100
14 -79.300
14 -2135.500
1k -140.700
L7 +35.330%
i4 +14,190
14 -100.700
14 +40.700
14 -177.000
14 -128.990
14 +25,755%
1L +32.870
ik +13.200
1k -44,050
1 -67.000
14 -55.440
ik +110.000
1 +137.000
14 -145.700
14 +48.100

“»
W

1l
1
1
1l
1
1l
2
2
1l
1
1l
1
1l
1l
i
1l
1l
1
1l
1
1
1l
1
l
1
1
1l
1
1
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et 1 o A"

TABLE 3. (Coutd.)

Species Fhage Eefl Ani‘a98.15 Species Phase Ref Aﬁfa‘}ﬂ.l‘j

Keal/mol Keal/mol
510, 1 14 -T3.900  §10, 2,3 i -209.863
Si0 1 1k -21.h11
K 1 6 +21.51 K, 1 6 +20.8
424 1 6 20,0 KBr 1 i5 “hz.5
K¢ 1 15 -79.8 KC1 1 15 -50.1
CsClL 1 8 -58.200  CsF 1 8 -85.0
CsH 1 6 429.000 Csa 1 6 +27.000
Cs 1 6 +18.830  RbCL 1 15 -49.9
FbH 1 6 +33.3 Kb, 1 6 +29.6
Ro 1 6 +20.51 RbF 1 8 -87.0
Ca0 1 15 -2.0 CaH 1 6 +58.7
Ca 1 6 +46.04 CaCl 1 8 +6.T
CaF 1 8 -9.2

*
This is included as a part of A in the enthalpy and entropy equations
and A}lf shouid be taken as zero.
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